Background
Novel symptomatic therapies are needed for the treatment of Alzheimer's disease (AD). Acetylcholinesterase inhibitors and memantine are the current standard of care but exhibit only modest efficacy and dose-limiting side effects. Alternative approaches to improving cholinergic function in patients with AD have focused on either agonism or modulation of the muscarinic or nicotinic cholinergic receptors [1, 2] . Of the five subtypes of muscarinic receptor, the M1 muscarinic receptor is abundantly expressed in the hippocampus, cortex, and other brain regions associated with cognitive function, whereas the other muscarinic receptors are more highly expressed in peripheral tissues [1] . The M1 muscarinic receptor likely mediates the procognitive effects of cholinergic agents, whereas other acetylcholine receptors, particularly M2 and M3, may account for side effects [1, 3] .
Multiple muscarinic agonists have been developed, and several have produced cognitive or behavioral benefits in AD [4] [5] [6] . However, these compounds were not selective for M1 and produced intolerable peripheral cholinergic effects such as nausea and salivation. An alternative approach to direct agonism of muscarinic receptors is allosteric modulation [7, 8] . MK-7622 is a novel selective M1-positive allosteric modulator that sensitizes the receptor to acetylcholine in the nanomolar range while having no effect on M2, M3, or M4 receptors up to 100 mM [9] . In preclinical studies, MK-7622 restores cognitive function to scopolamine-challenged or cholinergic-depleted animals, induces gamma wave electroencephalogram activity in the hippocampus and cortex, promotes cerebral blood flow, and increases active wakefulness at the expense of delta sleep (i.e., it is an alerting agent) [9] (unpublished data). Importantly, the doses required to produce these effects did not cause overt peripheral cholinergic stimulation.
In humans, MK-7622 has a T max of 2-4 hours and a halflife of w25 hours, which permits daily dosing. In a phase-1 healthy-volunteer study, MK-7622 at doses of 10, 40, and 70 mg showed a dose-related tendency to increase sigma (12) (13) (14) (15) Hz) band awake electroencephalogram activity versus placebo, indicative of an alerting effect, with statistically significant increases at the 40 and 70 mg doses at 2, 4, and 12 hours after dose administration [9] . Furthermore, in another phase-1 study, MK-7622 at doses of 1, 10, and 70 mg reversed scopolamine impairment as measured by a detection task (an assessment of psychomotor function and information processing) from 1 to 4 hours [9] . These observations suggest blood-brain penetration of MK-7622 with pharmacodynamic effects at the administered doses.
The primary efficacy objective of the current trial was to establish proof of concept for MK-7622 as adjunctive therapy to acetylcholinesterase inhibitors in improving cognition in individuals with mild-tomoderate AD after 12 weeks of treatment. The trial also assessed safety and tolerability for up to 24 weeks of treatment. A 45-mg dose of MK-7622 was selected for evaluation based on indirect evidence of target modulation (described previously) and tolerability at this dose in phase-1 studies. Mechanistically, it is hypothesized that acetylcholinesterase inhibitors and MK-7622 have synergistic effects. As a positive allosteric modulator, MK-7622 selectively potentiates the action of acetylcholine at the M1 receptor, but in the absence of acetylcholine it has only modest activity at the M1 receptor. Acetylcholinesterase inhibitors increase synaptic levels of acetylcholine by inhibiting the breakdown of acetylcholine with the enzyme acetylcholinesterase, thereby making more acetylcholine available at the receptor site.
Methods
Full details of the study methods and statistical analysis are provided in the study protocol that is available as supplementary material (Supplementary Material 1).
Participants
Eligible participants were aged 55-85 years and met criteria for a diagnosis of probable AD based on the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders Association criteria [10] as well as the criteria for AD dementia in the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text Revision [11] . Individuals had an MRI scan consistent with the diagnosis of AD within the last 12 months and a score of 12-24 on the Mini Mental State Examination (MMSE) at screening [12] . Participants were on a stable dose of either donepezil (10 mg daily), rivastigmine (9.5 or 13.3 mg/24 hours for the patch or 6-12 mg total daily dose for the capsule), or galantamine (16-24 mg total daily dose) for at least 2 months before the trial. They also had a reliable and competent trial partner who could accompany them to clinic visits. Major exclusion criteria included: evidence of vascular dementia as suggested by a modified Hachinski Ischemia score of .4 [13] , clinically significant stroke, or MRI signs of significant cerebrovascular disease; clinically relevant neurological disorder other than AD; clinically relevant or unstable psychiatric disorder, including schizophrenia or other psychotic disorder, bipolar disorder, major depression (unless in remission), substance abuse disorders, or delirium; or significant laboratory screening test abnormality.
Study design and treatment
This randomized, placebo-controlled, parallel-group, multicenter, double-blind trial (Merck Protocol MK-76222012; ClinicalTrials.gov NCT01852110) was conducted at 59 trial centers (55 in the United States of America and four in Canada) from October 2013 to April 2016. The study was conducted in accordance with the principles of Good Clinical Practice and was approved by the relevant institutional review boards. Each participant or their legally acceptable representative provided written informed consent.
The study consisted of a screening phase, a 2-week single-blind placebo run-in period, and a 24-week doubleblind treatment period. After the 2-week placebo run-in period, participants were allocated in a double-blind fashion to MK-7622 or placebo in a 1:1 ratio. Participants randomized to MK-7622 began with a 15-mg dose for 1 week before being titrated up to 30 mg for 1 week and then up to 45 mg as the final dose. Randomization was implemented via an interactive voice response system using a computer-generated randomized allocation schedule prepared by a statistician. Randomization was stratified based on MMSE score (12-18 vs. 19-24) and type of acetylcholinesterase inhibitor (donepezil vs. other). In addition, there was a 30% randomization cap on the number of participants with MMSE scores of 21-24. All study personnel, including the investigators, site staff, participants, and sponsor staff remained blinded to treatment allocation throughout the study. Unblinding took place after data collection was complete.
Assessments
Cognition was assessed by the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog 12 ) [14, 15] administered at baseline and weeks 4, 8, 12, 18, and 24. While the ADAS-Cog 12 was collected, the ADAS-Cog 11 was the primary cognitive endpoint. Additional cognitive assessments included the MMSE and a prespecified cognitive composite measure, the Composite Cognition Score-3 Domain (CCS-3D), administered at baseline and weeks 12 and 24. The CCS-3D was constructed using the delayed recall item from the ADAS-Cog as well as the Digit Span Test, Trail Making Test, Digit Symbol Coding, Controlled Oral Word Association Test, and the Verbal Fluency Test. Other assessments included daily function assessed by the Alzheimer's Disease Cooperative StudyActivities of Daily Living Inventory [16] at baseline and weeks 12 and 24, global change as assessed by the Alzheimer's Disease Cooperative Study-Clinical Global Impression of Change [17] at weeks 12 and 24, and neuropsychiatric symptoms as assessed by the Neuropsychiatric Inventory [18] at baseline and weeks 12 and 24. Blood samples for pharmacokinetic analysis were taken at baseline and weeks 4, 12, and 24. Safety was assessed by adverse event reports throughout the study and by routine laboratory analyses, ECGs, and physical examinations at regular clinic visits.
Raters for clinical and cognitive assessments were required to meet minimum education and experience standards. Following credentials review, prequalified raters underwent additional training and certification before rating in the trial. Furthermore, rater performance on selected assessments was centrally evaluated and monitored to ensure and maintain adequate reliability throughout the trial.
Trial governance
This trial was developed in collaboration with a scientific advisory committee comprising sponsor (Merck & Co, Inc, Kenilworth, NJ, USA) and external scientific experts who provided input with respect to trial design, interpretation of trial results, and subsequent peer-reviewed scientific publications. The trial was managed by the study sponsor.
Statistical analysis
The primary efficacy outcome was change from baseline in ADAS-Cog 11 at week 12 in the MK-7622 group compared with that in the placebo group. The secondary outcomes were change from baseline in Alzheimer's Disease Cooperative Study-Activities of Daily Living Inventory at week 24 and change from baseline in the CCS-3D at week 12. The CCS-3D was intended to cover aspects of cognition not well assessed by the ADAS-Cog and was calculated as the mean of three domain z-scores (episodic memory, executive function, and attention processing). Each of these three domain z-scores was calculated as the mean of domain-specific tests, as follows: episodic memory 5 immediate word recall, delayed word recall, word recognition, and orientation (all from ADAS-Cog); executive function 5 digits backward (from Digit Span), Trail Making Test part B, Controlled Oral Word Association Test, and Verbal Fluency Test; attention/processing speed 5 Trail Making Test part A, digits forward (from Digit Span Test), and Digit Symbol Coding. Other efficacy endpoints were exploratory.
The full analysis set population consisted of all randomized participants who received at least one dose of trial medication and either had a baseline measurement or at least one postdose, postrandomization observation for the analysis endpoint. For the analysis of change from baseline in ADAS-Cog 11 at week 12, a constrained longitudinal data analysis method was used [19] . This model assumes a common mean across treatment groups at baseline and a different mean for each treatment at each of the postbaseline time points. In this model, the response vector consists of baseline and the values observed at each postbaseline time point. Time is treated as a categorical variable so that no restriction is imposed on the trajectory of any means over time. The analysis model also included categorical factors of treatment, apolipoprotein E ε-4 (APOE4) genotype (positive/carrier, negative/noncarrier), AD medication stratum (donepezil, other acetylcholinesterase inhibitors), gender, the use of memantine (use, no use), and the timeby-treatment interaction, as well as the baseline MMSE score and age as continuous covariates. The treatment difference in terms of mean change from baseline to a given time point was estimated and tested from this model. An unstructured covariance matrix was used to model the correlation among repeated measurements. The same constrained longitudinal data analysis model used for the primary endpoint was used to analyze all continuous secondary and exploratory endpoints. For the Alzheimer's Disease Cooperative Study-Clinical Global Impression of Change, a mixed-effects repeated-measures model was used and included all the covariates used in the primary efficacy analysis model. Additional sensitivity analyses were performed using an intent-to-treat population for the efficacy endpoints.
The all-subjects-as-treated population was employed for safety analyses. The all-subjects-as-treated population consisted of all randomized participants who received at least one dose of trial medication. The number and percentage of participants with adverse events were calculated. As both MK-7622 and acetylcholinesterase inhibitors target the cholinergic system, a "cholinergically related adverse event" term was prespecified for analysis and was composed of the following individual adverse events: nausea, vomiting, diarrhea, salivation, salivary gland pain, abdominal pain, sweating, bradycardia, and atrioventricular conduction block. A participant was considered to have a cholinergically related adverse event if they had at least one of the listed adverse events. The difference between MK-7622 and placebo and 95% confidence intervals were calculated using the Miettinen and Nurminen method [20] . For the endpoint of cholinergically related adverse event only, a P value was provided for the between-group comparison using the Miettinen and Nurminen method.
All statistical analyses were performed using SAS, version 9.3 (SAS Institute, Cary, NC, USA).
The trial planned to randomize 250 participants into MK-7622 45 mg and placebo groups (1:1 ratio). The sample size of 125 participants per group provided 80% power to declare that MK-7622 45 mg was superior to placebo on the primary endpoint, if the underlying treatment difference in mean changes from baseline in ADAS-Cog 11 score was two points. The power and sample size were based on an expected dropout rate of approximately 8% by week 12.
Interim analyses were conducted for safety (after 60 participants had reached 8 weeks) and for futility (after 188 participants had reached 12 weeks) and were reviewed by a data-monitoring committee comprised of Merck researchers who were not otherwise involved in the study. Criteria were set to conclude futility if the conditional power of observing a significant difference on the 12-week ADAS-Cog 11 was less than 20%.
Results

Patient disposition
A total of 240 participants were randomized, and 239 received at least one dose of study treatment (Fig. 1) . The trial was stopped for futility after meeting the prospectively defined stopping threshold. At the time of study termination, 144 participants had completed the study. The majority of discontinuations were due to the early study termination.
Characteristics of treated participants are shown in Table 1 . Overall, the participant characteristics were consistent with the targeted mild-to-moderate AD population, and demographics were well balanced between treatment groups.
Efficacy
Efficacy findings are summarized in Table 2 . Participants treated with MK-7622 45 mg, as compared with those treated with placebo, did not show statistically significant improvement on the primary endpoint of the ADAS-Cog 11 at week 12 (change from baseline 5 0.18 points; 95% confidence interval: 21.00 to 1.37; P value 5 .762). No treatment differences on the ADAS-Cog 11 were observed at other time points (Fig. 2 ) or in subgroups (Fig. 3) . (Fig. 4) . No treatment differences were seen on other endpoints (Table 2 ). Sensitivity analyses performed using an intent-to-treat population for the efficacy endpoints did not show meaningfully different findings from the primary approach (data not shown).
Safety
Adverse events are summarized in Table 3 . There were no deaths. Although not statistically significant (i.e., the 95% confidence interval for the difference included zero), participants receiving MK-7622 reported more adverse events and serious adverse events than participants treated with placebo. Participants on MK-7622 had more discontinuations due to adverse events than participants on placebo. Serious adverse events resulted in treatment discontinuation in six participants on MK-7622 group versus none on placebo; the serious adverse events resulting in discontinuation were lung neoplasm, ischemic stroke, normal pressure hydrocephalus, fatigue/mental status change, cholangiocarcinoma, and bipolar I disorder. One serious adverse event (bipolar I disorder) was considered to be related to drug by the investigator. Participants on MK-7622 reported significantly more cholinergically related adverse events than participants on placebo (P 5 .006). The most common cholinergically related event, and the most common specific adverse event, was diarrhea, occurring in 15.1% of the MK-7622 45-mg group versus 5.8% in the placebo group. There were no relevant differences in vital signs, ECGs, or chemistry or hematology laboratory measures.
Pharmacokinetics
Generally, exposures were within the expected confidence intervals for MK-7622 as predicted from internal dose-exposure modeling. No individuals were below the level of quantification, suggesting no serious adherence concerns.
Discussion
This phase-2 proof-of-concept study was terminated based on results from a futility analysis which indicated that the selective M1 positive allosteric modulator MK-7622, when given as adjunctive therapy to acetylcholinesterase inhibitors, was not effective in improving cognition at 12 weeks in individuals with mild-to-moderate AD. It is important to consider whether the results indicate that the drug mechanism is ineffective (a negative study) or instead were noninformative because of study design/implementation issues (a failed study). Placebo responses occur in AD cognition studies, and consequently, studies need to be sufficiently long-at least 12 weeks in early phase studiesto be sure that the placebo response is exhausted [21] . Fig. 2 shows that at week 4, there was a 1-to 1.5-point placebo benefit on the ADAS-Cog 11 , but by week 8, the placebo response was no longer evident. This response trajectory in the placebo group argues against a failed study.
Another issue to consider is whether the participants recruited did indeed have AD, given that there was no biomarker confirmation of the clinical diagnosis of AD (i.e., no cerebrospinal fluid or amyloid imaging). The inclusion of non-AD participants is less likely in studies such as this that focus on those with mild-to-moderate severity dementia compared with studies that focus on milder participants. Although some non-AD participants may have been included, the distribution of APOE4 (54%-61% ApoE4 positive), as well as other baseline characteristics, suggests that the population was similar to that of studies of participants with confirmed AD diagnoses [22] and similar to the populations enrolled in other recent AD clinical trials (e.g., study by Doody et al. [23] ). Furthermore, the effect of MK-7622 on APOE4 carriers or memantine, where the diagnosis is more likely to be AD, was not different from that of placebo. Abbreviations: APOE4, apolipoprotein E ε-4; AD, Alzheimer's disease; MMSE, mini mental state examination; AchEI, acetylcholinesterase inhibitors; SD, standard deviation.
NOTE. Data are represented as number (%) of participants, except for mean (SD) age.
Given that these observations do not suggest a failed study or an inappropriate target population, it is important to consider whether the dose of MK-7622 (45 mg) was adequate to test the target mechanism. Dose selection was based on phase-1 data that showed tolerability up to 80 mg in short dosing regimens; with accumulation on daily dosing, 45 mg exhibited similar plasma exposure as 80-to 90-mg doses in healthy-volunteer studies (young and elderly). Phase-1 pharmacokinetic studies Derived using a constrained longitudinal data analysis model (or a mixed-effects repeated-measures model for ADCS-CGIC) including the categorical factors of treatment, APOE4 genotype (positive, negative), AD medication stratum (donepezil, other acetylcholinesterase inhibitors), gender, the use of memantine (use, no use), the time-by-treatment interaction, and age as continuous covariate. of drug levels in the cerebrospinal fluid also suggested that the drug was entering the central nervous system in adequate amounts [9] . Indirect evidence of target engagement at the 45-mg dose was obtained in qEEG and scopolamine models in phase-1 studies in healthy volunteers [9] . Furthermore, the adverse event profile of the 45-mg dose in the present study suggested that it was having pharmacological activity and precludes the evaluation of meaningfully higher doses in any future studies.
A potential reason for the observed lack of efficacy was that MK-7622 was studied on the background of concomitant treatment with acetylcholinesterase inhibitors and memantine in some participants. We hypothesized that acetylcholinesterase inhibitors and MK-7622 may have synergistic effects. However, it is also possible that there may be a ceiling effect for the cholinergic mechanism or that insufficient acetylcholine remains at the synapses in mild-tomoderate AD patients to allow a modulator the opportunity to achieve its effect, in which case different results could theoretically be observed in patients at an earlier stage of the disease. Another limitation of the add-on design is that the amount of incremental efficacy required to observe clinical benefit over current standard of care remains undefined in the literature. Thus, the assumptions around expected effect size may be less robust than those in a monotherapy trial.
The question of whether MK-7622 might be effective as monotherapy remains unanswered. However, monotherapy trials are increasingly impractical to execute, and to add meaningful value compounds should be able to demonstrate clear benefit over the standard of care. The apparent failure of the selective M1 allosteric modulator mechanism does not necessarily mean that M1 selective receptor agonists would be ineffective; as noted previously, a modulator may require sufficient acetylcholine at the synapses in AD patients to achieve its effect, whereas this may not be the case for an agonist.
We hypothesized that M1 modulation would be free of cholinergic side effects, but this did not appear to be the case. That is, we saw an increase in what appeared to be cholinergically mediated side effects, particularly those of a gastrointestinal nature (e.g., diarrhea). Our findings suggest that activation of M1 receptors alone is sufficient to produce unwanted cholinergic side effects. This supports recent preclinical observations [24] and calls into question part of the rationale for developing treatments that selectively target the M1 receptor; that is, this mechanism would have an improved tolerability profile over nonselective cholinergic treatments. However, it may be premature to conclude that our tolerability findings with an allosteric modulator extrapolate to all M1 receptor-targeted therapeutics.
Finally, we note that the futility approach adopted for this study, while not new (e.g., as seen in the study of Galasko et al. and Haig et al. [25, 26] ), is an important learning experience for the field. The design allowed the study to be stopped when there was little chance of demonstrating efficacy, and as a result, it saved participants from needless exposure, which was particularly important, given the drug's side effects profile. Researchers should consider incorporating a futility approach for future proof-ofconcept studies of novel-mechanism agents.
